W
ithin the teeming interior of the cell, many molecular machines drive the essential processes of life. These nanomachines use cellular fuel-ATPand, as also ought to be true for everyday macromachines, fuel efficiency is paramount. Thus the cell's nanomachines have evolved to use ATP only when they can couple it to essential work. A study published in PNAS (1) provides unprecedented detail of how one family of cytoskeleton-based nanomachines-the microtubule-tracking kinesins-achieves such fuel efficiency.
Kinesin superfamily members undertake a wide variety of microtubule (MT)-related tasks, including movement in either direction along their polar MT tracks and regulation of MT dynamics (2) . Central to these diverse cellular functions, however, is a highly conserved mechanism for binding MTs and ATP by the kinesin motor domain. MT binding stimulates the kinesin ATPase by several orders of magnitude, and coupling between high-/lowaffinity MT binding (for motor recycling) and the energy-providing ATPase activity lies at the heart of motor efficiency (3). This coupling is ultimately used to transmit force to the motors' binding partners, but the precise structural basis for all these steps is the subject of ongoing research. Many strands of biophysical evidence have defined the chemical and mechanical features of the kinesin machine (4), whereas structural biology approaches have enabled direct visualization of the motor engine components.
The >40 crystal structures of the ∼40 kDa kinesin motor domain show that the motor domain is built from an arrowheadshaped central β-sheet with 3 α-helices on either face (5). The MT-binding surface is formed by α4, α5, and α6 on one side of the β-sheet; the nucleotide-binding site is located on the opposite surface, built from several loops-loop 7 (the P-loop), loop 9 (switch I), and loop 11 (switch II)-that are highly characteristic of several classes of NTPases, including actin-based myosin motors and G proteins (6) . The conserved loops in these switch-based NTPases undergo relatively small nucleotide-dependent conformational changes that are allosterically amplified to enable work to be performed on their cellular targets. Cargo-transporting kinesins that move toward the MT plus-end are the subject of the study by Sindelar and Downing (1). For these kinesin-1s, allosteric amplification involves conformational regulation of a family-specific ∼15-amino-acid sequence called the neck linker. The neck linker connects the motor domain to the rest of the kinesin molecule and directs cargo toward the MT plus-end through its docked conformation on the motor domain (7) .
Unfortunately, in crystallized motor domains, there is no correlation between the nucleotide present and the conformation of either the nucleotide-binding loops or the neck linker. However, given the importance of both nucleotide and MT binding for kinesin function, this lack of correlation in the absence of the MT track is not surprising. α4, the so-called switch II helix, links the nucleotide and MT binding sites and its conformation is expected to control kinesin activity (8) . α4 adopts two alternative conformations in crystal structures; we refer to them as "up" (also known as "ATP-like") and "down" ("ADP-like") (9) . Crucially, the conformation of α4 in the crystal structures does correlate with the conformation of the neck linker, such that the neck linker is undocked in the down conformation, whereas it is docked against the body of the motor domain in the up conformation (7) (8) (9) . In the presence of MTs, neck-linker position also correlates with the nucleotide bound, allowing the MT-dependent ATPase cycle to be defined (7, 8) . Thus conformational changes involving α4 are at the heart of the kinesin motor engine and mediate communication with cellular cargo. What has remained ambiguous until now is precisely how MTs control efficient communication between the catalytic site and mechanical output via the COMMENTARY neck linker. Answering this question necessitated visualization of the catalytic site of the kinesin-MT complex using cryoelectron microscopy (cryo-EM) (1). Large, heterogeneous complexes such as track-bound motors are ideal targets for structure determination by cryo-EM (10). A cryo-EM structural experiment first involves collecting many images of nominally identical copies of the target complex; because of the optical properties of the electron microscope, these images are 2D projections of the 3D complex. The relative orientation of the multiple projections imaged must then be determined and combined computationally to calculate the 3D structure. In many cryo-EM samples, individual macromolecules are randomly oriented with respect to each other (so-called "single particles"). However, in MTs and their kinesin cocomplexes, the orientations of different projections are already defined by the underlying architecture of the MT polymer. The strength of the computational approach implemented by Sindelar and Downing (1) and others (for example, ref.
11) is that the regularity of the MT lattice is taken as the starting point for further refinement of projection alignment so that one may correct for lattice heterogeneities. This results in significant improvement in the details that can be visualized and the interpretations that can be derived.
Using this approach, Sindelar and Downing determined the structure of the motor domain of human kinesin-1 bound to MTs, captured at four stages of the motor ATPase cycle: with ADP, no nucleotide, AMPPNP (nonhydrolysable ATP analog), and ADP·AlF x (transition state analog) bound (1) . In a technical tour de force, they determined each structure at a resolution of 8-9Å, enabling most secondary structures and stable loops to be clearly distinguished. The conformation of α4 in all four states of the MT-bound motor can be seen, and these data reinforce its importance in the kinesin motor mechanism. Given that the MT-kinesin affinity is controlled by the nucleotide (3), nucleotide-dependent variation at the kinesin-MT interface might be expected. Strikingly, however, in MT-bound kinesin, α4 adopts an invariant, nucleotideindependent conformation, slotted snugly in the groove between α-and β-tubulin at the intradimer interface. In this groove, the N terminus of α4 is extended for an additional two turns by residues from loop 11 to form the base of the catalytic site (Fig. 1) .
α4 thus provides a fixed contact point with the MT about which the rest of the motor domain undergoes large but precisely controlled movements in response to the nucleotide. In different nucleotide states, subtle changes in the loops at the catalytic site are amplified to a rocking/ twisting movement of the rest of the motor domain. Sindelar and Downing (1) liken it to a seesaw, with residues in the middle of α4 forming the pivot point for these movements. As was observed in the crystal structures, two distinct motor conformations are also seen in the presence of MTs. In contrast, however, conformations at the catalytic site, α4, and the neck linker are clearly correlated with the nucleotide bound. In the ADP and nucleotide-free structures, α4 effectively adopts a down conformation so that the neck linker cannot dock. In contrast, the AMPPNP/-ADP·AlF x structures adopt a modified up conformation, with α4 lengthened. The nucleotide γ-phosphate at the active site induces formation of a distinctive "phosphate tube" by the switch I and II loops, which is closed at its base by the α4 Nterminal extension. This phosphate tube is a familiar structure in myosin motors (12) but has only recently been seen in kinesins (13) , providing support for the mechanism proposed by Sindelar and Downing (1). Phosphate tube formation sequesters the switch loops, allowing the motor domain to seesaw to the up conformation and enabling neck-linker docking.
The work by Sindelar and Downing (1) focuses on the catalytic center of the MTbound kinesin and communication with the neck linker. As might be expected, however, many questions remain. The nature of the cryo-EM experiment means that only MT-bound complexes can be readily analyzed and the mechanism by which the motor associates and dissociates from its MT track must be inferred. Loop 8 has been implicated in MTstimulated ADP release (14) , but in the current cryo-EM reconstructions, loop 8 forms a static point of contact with the MT, reinforcing the idea that additional transient MT-associated complexes must exist. Similarly, the effect of phosphate release on the MT-kinesin complex is not clear but would probably involve collapse of the phosphate tube. Other questions concern the effects on, and the influence of, other flexible loops within the motor domain on the catalytic mechanism. These loops are often the sites of functiondefining diversity among kinesin superfamily members, and it will be fascinating to understand the extent to which the mechanism visualized by Sindelar and Downing is conserved in different functional contexts.
Sindelar and Downing (1) also extend their mechanistic insight to myosin because, although kinesin and myosin motors share a core fold and nucleotide-binding loops (5), the structural evidence for a conserved catalytic mechanism has been lacking so far. Their reconstructions suggest that the catalytic mechanisms of these two motors are more similar than previously supposed, and they predict a novel myosin conformation, which future crystal structures could validate. Application of similar cryo-EM methodologies to actomyosin complexes will also be revealing.
Structure determination by cryo-EM is still a relatively labor-intensive specialist technique. However, methodological improvements over the last decade have enabled the determination of more and higher resolution structures in many areas of biology. Cryo-EM is now an essential tool for elucidating biological processes.
